•  *%*  w 

AD _ _ 

Award  Number:  DAMD17-01-1-0522 

TITLE:  Gamma  Synuclein  Promotes  a  Metastatic  Phenotype  in  Breast 
and  Ovarian  Tumor  Cells  by  Modulating  the  Rho  Signal 
Transduction  Activity 

PRINCIPAL  INVESTIGATOR:  Andrew  K.  Godwin,  Ph.D. 

CONTRACTING  ORGANIZATION:  Fox  Chase  Cancer  Center 

Philadelphia,  Pennsylvania  19111 

REPORT  DATE:  May  2002 

TYPE  OF  REPORT:  Annual 

PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20030130  220 


_ REPORT  DOCUMENTATION  PAGE  OMBNo.  ^074-0 188 

Public  reporting  burden  for  this  collection  of  Information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  Instructions,  searching  existing  data  sources,  gathering  end  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  caieetion  of  information,  including  suggestions  for 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 
Management  and  Budget,  Paperwork  Reduction  Project  (0704-01 88).  Washington.  DC  20503  _ 

1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

_ _ May  2002 _  Annual  (1  May  01  -  30  Apr  02) 

4.  TITLE  AND  SUBTITLE  S.  FUNDING  NUMBERS 

Gamma  Synuclein  Promotes  a  Metastatic  Phenotype  DAMD17-01-1-0522 

in  Breast  and  Ovarian  Tumor  Cells  by  Modulating 

the  Rho  Signal  Transduction  Activity 
_______ 

Andrew  K.  Godwin,  Ph.D. 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Fox  Chase  Cancer  Center 
Philadelphia,  Pennsylvania  19111 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


12b.  DISTRIBUTION  CODE 


“ijmnrlfinit  (a,  b,  g,  aytentm)  are  a  family  of  small,  highly  conserved  proteins  expressed  predominantly  in  neurons.  While  a- 
synuclein  is  implicated  in  neurodegenerative  diseases,  g- synuclein  is  expressed  in  the  majority  (>  85%)  of  late- stage  breast  and 
ovarian  carcinomas  and  is  not  expressed  in  normal  mammary  and  ovarian  epithelium.  In  spite  of  their  significance,  the  normal  and 
pahtological  roles  of  synudeins  are  not  fully  understood.  To  address  the  biological  function  of  g-synuclein  and  its  role  in  the 
malignancy  of  breast  and  ovarian  cancer,  we  ectopically  over-expressed  g-synuclein  in  several  cancer  cell  lines.  Recently  we  found 
that  g-synuclein  is  associated  with  two  major  mitogen-activated  Irinases  (MAPK),  ie.,  extracellular  signal-regulated  protein  kinases 
(ERK1/2)  and  c-Jun  N-tenninal  kinase  1  (FNK1).  Over-expression  of  g-synuclein  lead  to  constitutive  activation  of  ERK1/2,  and 
down-regulation  of  JNK1  in  response  to  stress  (UV,  sodium  arsenate,  and  heat  shock).  In  this  study,  we  further  characterized  the 
effects  of  g-synuclein  on  paclitaxel,  a  commonly  used  chemotherapeutic  drug,  and  nitric  oxide  induced  apotosis.  We  found  that  g- 
synudein  over-expressing  cells  were  more  resistant  (4-  to  5-fold)  to  paclitaxel  or  nitric  oxided  as  compared  to  the  parental  cells. 

This  resistance  to  paclitaxel  could  be  partially  restored  when  ERK  activity  was  inhibited  using  U0126,  a  MEK1/2  inhibitor.  In 
addition,  activation  of  the  mitochondrial  apoptotic  pathway  (INK  and/or  caspase  3  activation)  by  paclitaxel  and  nitric  oxide  was 
blocked  by  ectopic  expression  of  g-synuclein.  Collectively,  these  data  indicate  that  g-synuclein  may  be  involved  in  the  pathogenesis 
of  breast  and  ovarian  cancer  by  promoting  tumor  cell  survival  under  adverse  conditions  and  by  providing  resistance  to  certain  anti¬ 
cancer  drugs.  Because  of  its  high  frequency  of  expression  in  late-stage  breast  and  ovarian  cancers,  g-synuclein  may  be  a  promising 
target  for  cancer  therapy. 

14.  SUBJECT  TERMS  15.  NUMBER  OF  P*MS 

breast  cancer,  oncogene,  MAPK  66 

Y-synuclein  16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 
NSN  7540-01-280-5500 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


20.  LIMITATION  OF  ABSTRACT 

_ Unlimited _ 

Standard  Form  298  (Rev.  2*89) 

Pmcrttud  by  ANSI  Std.  Z38-18 
2*8-102 


Godwin,  A.K.,  Ph.D. 


Table  of  Contents 

Front  Cover  _  1 

Standard  Form  298  . 2 

Table  of  Contents  . .  _  3 

Introduction  4 

Body  4 

Conclusions  _  17 

References  _  18 

Appendices  _  _  20 


,.r 

Godwin,  A.K.,  Ph.D. 


INTRODUCTION: 

The  synucleins  (a,  j3,  y,  synoretin)  are  a  family  of  highly  conserved  small  proteins  that  are  normally 
expressed  predominantly  in  neurons.  Little  is  known  about  the  normal  functions  of  synucleins  in 
physiological  conditions.  Of  the  synucleins,  a-synuclein  is  the  best  characterized  because  of  its  potential 
significance  in  neurodegenerative  diseases  including  Parkinson’s  Disease.  Recently  we  and  others  have 
found  that  y-synuclein  is  dramatically  up-regulated  in  the  vast  majority  of  late-stage  breast  (70%)  and 
ovarian  (>  85%)  cancers  and  that  y-synuclein  over-expression  can  enhance  tumorigenicity  (Bruening  et 
al.,  2000;  Ji  et  al.,  1997;  Liu  et  al.,  2000).  We  also  observed  that  expression  of  y-synuclein  induces  a 
phenotype  similar  to  that  induced  by  activation  of  RhoA/Rac/CDC42,  altering  the  appearance  of  focal 
adhesions  and  stress  fibers,  and  enhancing  motility  and  invasion  in  ovarian  cancer  cells.  Recent  studies 
by  Ji  and  colleagues  have  also  shown  that  when  y-synuclein  is  overexpressed  in  a  breast  tumor  derived 
cell  line,  the  cells  experience  a  dramatic  augmentation  in  their  capacity  to  metastasize  in  vivo  (Jia  et  al., 
1999).  Based  on  these  known  data,  we  hypothesized  that  y-synuclein  may  be  a  proto-oncogene,  and  that 
the  abnormal  expression  of  this  protein  (i.e.,  oncogenic  form)  in  breast  and  ovarian  tumors  may  contribute 
to  the  metastatic  spread  and  high  morbidity  associated  with  advance  stages  of  these  diseases.  To  address 
this  hypothesis,  we  first  ectopically  over-expressed  y-synuclein  in  several  cancer  cell  lines  and  the  effects 
of  y-synuclein  on  the  phenotypes  of  these  cells  were  charaterized.  The  mechanisms  underlying  y- 
synuclein  induced  cell  phenotype  changes  were  investigated  by  biochemical  and  cellular  assays.  We 
found  that  y-synuclein  is  associated  with  two  major  mitogen-activated  kinases  (MAPK),  i.e.,  extracellular 
signal-regulated  protein  kinases  (ERK1/2)  and  c-Jun  N-terminal  kinase  1  (JNK1).  Over-expression  of  y- 
synuclein  may  enhance  cell  motility  by  activating  Rho/Rac/Cdc42  and  ERK  pathways.  JNK  activation 
induced  by  stress  (UV,  arsenate,  and  heat  shock)  and  chemotherapy  drugs  (Taxol,  vinblastine)  can  also  be 
down-regulated  by  y-synuclein.  Finally,  we  found  that  y-synuclein  can  protect  chemotherapy  drug- 
induced  cell  death  by  modulating  the  ERK  cell  survival  pathway  and  the  JNK-mitochondria-Caspase9/3 
pathway. 


BODY: 

y-Sy  nuclein  interacts  with  ERK  and  JNK  MAP  kinases  in  cancer  cells  -  a-Synuclein  has  recently  been 

reported  to  bind  directly  to  the  ERK2  kinase  (Iwata  et  al.,  2001b). 

. .  -  0  a  Therefore,  we  evaluated  whether  y-synuclein  could  also  interact  with 

|  |  *  the  ERK  kinases  as  well  as  other  MAPKs.  By  co-immunoprecipitation 
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Fig.  1.  Interaction  between  y-  and  a-synucleins  with  ERK  1/2  and  JNK. 
Cell  lysate  from  A2780,  A2780/gam  or  A2780/alpha  were 
immunoprecipitated  with  Syn303,  Nig  (normal  IgG)  or  irrelevant 
antibodies  (not  shown  here).  The  proteins  in  the  immunoprecipitates 
were  identified  by  immunoblotting  with  antibodies  against  ERK1/2, 
JNK1,  p38,  and  y-2  (a  polyclonal  antibody  specific  for  y-synuclein). 
Molecular  mass  standards  (in  kilodaltons)  are  indicated  on  the  left. 
Non-specific  bands  around  the  IgG  heavy  (**)  and  light  (*)  chains  are 
indicated  by  asterisks. 


approaches,  we  were  able  to  demonstrate  a  novel  association  of  y-synucleins  with  ERK1/2  and  JNK1 
kinase,  but  not  with  the  p38  kinase  (Fig.  1).  We  also  confirmed  that  a-synuclein  is  associated  with 
ERK1/2  as  well  with  JNK1  (Fig.  1),  which  is  consistent  with  the  recently  studies  using  neuro2a,  a 
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neuronal  cell  line  (Iwata  et  al.,  2001a).  These  data  indicate  that  y-  and  a-synuclein  can  interact  with 
ERK1/2  and  JNK1  in  cancer  cells  that  over-express  these  proteins. 

Elevated  activity  of  ERK  in  cells  over-expressing  y-synuclein  -  We  next  evaluated  whether  these  protein 
interactions  would  affect  the  activity  of  ERK  1/2  and/or  JNK1  (see  below).  In  A2780  and  OVCAR5 
cancer  cells  over-expressing  y-synuclein,  the  activated  ERK1/2  was  increased  2-3  fold  as  evidenced  by 
immunoblotting  with  an  anti-phospho-ERK  specific  antibody  (Fig.  2).  In  contrast,  a-  and  P-synucleins 

I  appeared  to  have  little  or  no  effect  on  the 

Ae  a  E  _  £  |  E  activity  of  ERK  1/2  (Fig.  2 A)  although  a- 

0  f  |  |  D  >>gf  synuclein  was  also  found  to  be  associated  with 

I  I  I  I  Biot: ®erk  1-1-1  ”  S  ERK  (as  described  above  and  shown  in  Fig.  1) 

Biot-  ©erk  i.o  1.7  o  o  in  A2780  cells.  In  HEK  293  cells,  the  basal 

level  of  ERK  activation  is  undetectable  and  y- 
dioi:  Biuwic  'M1|pap«  i.o  os-  o:o'.7  synuclein  over-expression  does  not  increase  its 

i.o  H  u  T.i  Biot:  y-2  activation  level  (Fig.  2B).  Structural  analysis 

C  indicate  that  y-synuclein  does  not  contain  any 

lg  kinase  domain,  suggesting  that  the  activation  of 
ERK  is  mediated  by  other  kinase.  Since 
MEK1/2  is  required  for  the  activation  of 
ERK  1/2  in  response  to  many  mitogens,  we 
!  V//^/^/  determined  whether  MEK1/2  is  still  required 
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Fig.  2.  Activation  of  ERK  in  cells  over-expressing  y-synuclein.  A,  ERK1/2  activation  is  enhanced  in  y- 
synuclein  over-expressing  A2780  cells.  Whole  cell  lysates  (40  pg/lane)  from  A2780  cells  (parent)  or  A2780 
cells  transfected  with  y-,  (3-,  or  a-synuclein  were  separated  by  SDS-PAGE  and  blotted  with  appropriate 
antibodies.  The  levels  of  activated  ERK  or  total  ERK1/2  were  determined  using  an  anti-phospho-ERK  specific 
antibody  or  ERK1/2  antibodies,  respectively.  The  number  beneath  each  band  represents  the  arbitrary 
densitometry  units  of  the  corresponding  band  (the  integrated  densitometry  reading  number  of  A2780  or 
OVCAR5  was  assigned  to  an  arbitrary  unit  1.0,  and  the  other  readings  were  normalized  thereafter).  The 
synucleins  were  evaluated  by  blotting  with  specific  antibodies,  i.e.,  y-2  for  y-synuClein,  Syn207  for  P-synuclein, 
and  Syn204  for  a-synuclein,  respectively.  B,  activation  of  ERK  by  y-synuclein  in  OVCAR5  cells  but  not  HEK 
293  cells.  Whole  cell  lysate  (40  pg/lane)  from  parental  or  y-synuclein  over-expressing  cells  were  separated  and 
blotted  as  in  A.  Panels  A  and  B  are  representative  of  at  least  three  independent  experiments  with  comparable 
results.  C,  fold  increase  of  ERK  activation.  The  data  shown  are  the  average  ±  S.E.  of  three  independent 
experiments.  Phosphorylated  ERK  was  normalized  to  the  protein  level  of  total  ERK.  The  basal  levels  of  ERK 
phosphorylation  in  the  parental  A2780  or  OVCAR5  cells  were  set  as  1.0.  (*)  Represents  significant  difference 
compared  to  the  parental  cells  (p  <  0.05). 


for  y-synuclein  mediated  activation  of  ERK1/2.  When  cells  over-expressing  y-synuclein  were  treated  with 
the  MEK1/2  inhibitor  U0126,  the  activation  of  ERK1/2  was  suppressed  (Fig.  3A).  We  further  studied  the 
relation  of  y-synuclein-ERK  interaction  and  the  activation  status  of  ERK1/2.  In  cells  treated  with  U0126 
or  serum-starved,  the  association  of  y-synuclein  and  ERK1/2  was  still  present  (Fig.  3B).  These  data 
indicate  that  y-synuclein  may  be  constitutively  associated  with  ERK1/2,  which  could  facilitate  the 
activation  of  ERK  by  MEK1/2  and  lead  to  the  constitutive  activation  of  ERK1/2  in  cells  over-expressing 
y-synuclein. 
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Fig.  3.  Requirement  of  MEK1/2  for  y-synuclein  enhanced 
ERK1/2  activation.  A,  A2780  and  A2780/gam  cells 
untreated  or  treated  with  the  MEK1/2  inhibitor,  U0126  (10 
pM),  were  lysed  and  30  pg  of  proteins  were  loaded  into  each 
lane.  As  in  Fig.  2,  anti-  phospho-ERKl/2  specific  antibody 
was  used  to  detect  activated  ERK1/2;  and  the  antibody 
against  ERK1/2  was  used  to  detect  the  protein  level  of  total 
ERK1/2.  B,  the  interaction  between  ERK  and  y-synuclein  is 
independent  of  the  activation  status  of  ERK1/2.  A2780/gam 
cells  in  normal  10%  FBS  medium,  10%  FBS  medium  with 
U0126  (10  pM),  or  serum-free  medium  were  lysed  and 
immunoprecipitated  with  Syn303  or  control  IgG.  The 
proteins  in  the  immunoprecipitates  were  detected  with  the 
antibodies  against  ERK  1/2  or  against  human  y-synuclein  (y- 
2).  The  autoradiogram  shown  is  the  representative  of  three 
independent  experiments  with  comparable  results. 


OVCAR5 


Over-exprssion  of  y-synuclein  leads  to  increased  cell  motility-  Recent  stuidies  by  Jia  and  colleagues 

indicated  that  y- 
Q  Pajwitai  y-Sy  nuclein  synuclein  may 

U  it.  J  increase  cell  migration 

and  metastasis  (Jia  et 
MDA-435  -SSSwSS  al-»  19")*  We  also 

established  several 
stable  cancer  cell  lines 
that  over-express  y- 
synuclein  (Fig.  4A, 
and  data  not  shown) 
and  found  that  y- 
synuclein  can  enhance 
cell  motility  as 
analysed  by  Boyden 
chamber  assay  (Fig. 
4B,  4C,  4D,  and  data 
not  shown). 
Consistent  with  their 
role  in  cell  migration, 
more  stress  fibers 
were  found  in  cells 
over-expressing  y- 
synuclein  (Fig.  5) 


OVCASS 


OVCARS/gam 


Fig.4.  y-Synuclein  enhance  cell  migration.  A,  y-synuclein  expression  in  parental  MDA-MB-435  cells,  and 
those  stably  transfected  with  pcDNA3  vector  alone,  or  with  CMV-y-synuclein  (two  clones  were  shown  here). 
B  throuhg  D,  Boyden  chamber  assay  for  cell  migration.  Cells  migrated  to  the  lower  chamber  were  stained 
(B)  and  counted  (C,  D). 
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Over-exprssion  of  y-synuclein  leads  to  activation  of 
at  least  one  member  of  the  Rho  family  GTPase- 
Cell  migration  and  invasion  involves  a  series  of 
coordinated  complex  processes,  including  focal 
adhesion  formation  in  the  front  and  release  of 
adhesion  in  the  back,  polarized  stress  fiber  formation 
and  disassembly  and  contraction  (Ridley,  2000). 
Several  protein  kinases  are  known  to  regulate  these 
processes,  including  Rho/Rac/Cdc42  small  GTPase 
proteins,  ERK,  Crk,  and  Akt  (Krueger  et  al.,  2001; 
Ridley,  2001;  Ridley  et  al.,  1999;  Wicki  and  Niggli, 
2001).  Among  these  effector  kinases,  Rho  family 
members  play  a  pivotal  role  in  regulating  stress  fiber  and  focal  adhesion  formation.  In  cells  over¬ 
expressing  y-synuclein,  we  found  at  least  one  major  Rho/Rac/Cdc42  member  is  activated  although  the 
protein  levels  of  these  proteins  were  not  affected  (Fig.  6). 
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Fig.  6.  Enhanced  activation  of  Rho  (A)  and  Rac/Cdc42  (B)  in  cancer  cells  over-expressing  y-synuclein.  A, 
whol3  cell  lysate  (2  mg  protein)  were  immunoprecipitated  with  Rhotekin  Rho  binding  domain  and  analyzed 
by  Western  blot  with  anti-Rho  antibody.  B,  who  cell  lysate  (2  mg  protein)  were  immunoprecipitated  with 
PAK1  PBD  and  analyzed  by  Western  blot  with  anti-Rac  and  anti-Cdc42  antibodies,  respectively. 


Requirements  of  Rho/Rac/Cdc42  and  ERK  for  y-synuclein-enhanced  cell  motility- 
As  described  above,  over-expression  of  y-synuclein  also  leads  to  enhanced  activation  of  ERK.  To 
determine  whether  and  to  what  extent  Rho/Rac/Cdc42  or  ERK  kinase  contribute  to  cell  motility  and 
invasiveness,  parental  cancer  cells  and  their  corresponding  y-synuclein  over-expressing  cells  were  treated 
with  specific  inhibitors.  When  treated  with  C.  difficile  toxin  B  which  can  inactivate  most,  if  not  all, 
members  of  the  Rho  family,  and  U0126,  an  inhibitor  of  ERK  activation,  the  cell  migration  in  both 
parental  and  y-synuclein  Over-expressing  cells  were  almost  completely  blocked  (Fig.  7).  These  data 
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indicate  that  both  Rho  and  ERK  pathways  are  involved  in  the  parental  basal  level  cell  migration  and  the 
enhanced  cell  migration  induced  by  Y-synuclein. 
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Fig.  7.  Blockage  of  cell  migration  by  Rho  and 
ERK  inhibitors.  Parental  cells  or  y-synuclein 
over-expressing  cells  were  allowed  to  attah 
for  8hr  before  treated  with  C.  difficile  Toxin 
B  (0.5  ng/ml)  or  U0126  (10  pM)  before 
analysis  of  migrated  cells  at  52hr. 


Down-regulation  of  JNK  activation  by  y-synuclein  in  response  to  UV  -  JNK  is  activated  by  stress  signals 
including  UV  which  leads  to  mitochondria  mediated  apoptosis  (Davis,  2000).  The  basal  level  of  JNK 
activity  in  A2780  and  OVCAR5  ovarian  cancer  cells  is  very  low  in  untreated  cells  whether  y-synuclein 


was  over-expressed  or  not  (Fig.  8).  JNK 
was  highly  activated  in  the  parental  cells 
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Fig.  8.  Inhibition  of  JNK  activation  by  y-synuclein  in  response 
to  UV  treatment.  A2780,  A2780/gam,  A2780/beta,  OVCAR5, 
OVCAR5/gam  cells  were  un-treated  or  treated  with  UV  (20 
J/M2)  and  cells  were  lysed  at  30  min.  JNK  activities  were 
analyzed  by  an  immunocomplex  kinase  assay  using  GST-c- 
JUN  as  substrate.  The  phosphoiylated  GST-c-JUN  by  activated 
JNK  was  evaluated  by  immunoblotting  with  anti-phospho-c- 
JUN  specific  antibody.  The  protein  levels  of  JNK  and  y- 
synuclein  were  determined  by  immunoblotting  with  anti-JNK 
and  y-2  antibody,  respectively.  The  number  beneath  each  band 
represents  the  arbitrary  densitometry  units  of  the  corresponding 
band.  The  blots  shown  here  are  representative  of  three 
independent  experiments  with  comparable  results.  JNK 
activities  were  measured  by  levels  of  phosphorylated  c-JUN 
and  normalized  to  levels  of  total  JNK  proteins.  The  graph 
above  the  blots  is  the  average  ±  S.E.  of  three  independent 
experiments.  (*)  Represents  significant  inhibition  of  JNK 
activation  compared  to  that  in  the  parental  cells  (p  <  0.05). 


when  treated  with  UV  (Fig.  8).  In  cells  over-expressing  y-synuclein,  the  activation  of  JNK  was  almost 
completely  blocked  in  A2780/gam  cells  (p  <  0.05)  and  was  down-regulated  by  approximately  50%  in 
OVCAR5/gam  cells  when  treated  with  UV  (Fig.  8)  or  heat-shock  (data  not  shown).  The  blockage  of  JNK 
activation  by  UV  appears  to  be  y-synuclein  specific  since  over-expression  of  a-  and  (3-synucleins 
appeared  to  have  little  or  no  effect  on  the  activation  of  JNK  by  UV  (Fig.  8,  and  data  not  shown).  The 
inhibition  of  JNK  activation  in  OVCAR5/gam  cells  is  much  less  than  that  in  A2780/gam  cells.  The  cause 
of  this  difference  could  either  be  cell-type  specific,  or  it  could  be  the  high  endogenous  y-synuclein 
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expression  in  OVCAR5  cells.  Collectively,  these  data  indicate  that  stress-induced  activation  of  JNK  can 
be  blocked  by  y-synuclein  over-expression  in  a  variety  of  cell  lines. 

y-Synuclein  may  protect paclitaxel  (Taxol)  induced  cell  death  by  regulating  JNK  and  ERK  activities. 
Based  on  the  data  presented  above,  we  hypothesized  that  y-synuclein  may  contribute  to  cancer  cell 
survival  by  up-regulating  the  ERK  cell  survival  pathway  and  by  suppressing  the  JNK  apoptosis  pathway 
under  adverse  conditions.  However,  when  we  treated  y-synuclein  over-expressing  cells  with  UV, 
significant  differences  in  cell  survival  between  A2780  and  A2780/gam  cells  were  not  observed  (data  not 
shown).  The  reason  for  this  lack  of  difference  is  not  readily  apparent.  However,  cell  survival  and  cell 
death  are  regulated  by  the  counter-balance  between  the  survival  factors  and  the  apoptotic  signaling 
pathways.  Since  UV  treatment  also  activates  the  cell  survival  pathways  ERK  [(Rosette  and  Karin,  1996), 
and  data  not  shown]  and  PI3K-AKT  (Krasilnikov  et  al.,  1999;  Nomura  et  al.,  2001),  the  initiation  of  the 
mitochondria  associated  caspase  pathway  may  be  blocked  by  the  activation  of  ERK  or  AKT  in  A2780 
cells.  In  support  of  these  findings  we  did  not  observe  the  cleavage  of  the  caspase-3  substrate  PARP  in 
A2780  cells  when  treated  with  UV  (data  not  shown). 


We  next  evaluated  the  survival  of  y-synuclein  over-expressing  cells  in  response  to  Taxol,  a 
commonly  used  chemotherapeutic  drug.  In  addition  to  its  role  in  affecting  microtubule  assembly,  Taxol  is 
known  to  lead  to  apoptosis  via  the  mitochondria  by  activating  the  JNK  signaling  pathway  and  Taxol- 
induced  apoptosis  can  be  enhanced  by  MEK  inhibition  (Lee  et  ah,  1998;  Mandlekar  et  al.,  2000;  Wang  et 
al.,  1999;  Wang  et  al.,  2000).  In  A2780  cells,  Taxol  did  not  affect  the  basal  level  activity  of  ERK  or  the 
activation  of  ERK  by  y-synuclein  (Fig.  9A).  To  test  the  effect  of  y-synuclein  on  cell  survival,  cells  were 


treated  with  Taxol  for  varying  lengths  of  time.  At  48hr  after  treatment,  45-60%  of  A2780  cells  had  died. 


while  only  7-15%  of  A2780/gam 
cells  were  dead  indicating  that  Taxol 
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Fig.  9.  y-Synuclein  protects  cells  from  paclitaxel  (Taxol)  induced 
cell  death  and  is  partially  mediated  by  ERK  activation.  A,  Taxol 
does  not  affect  ERK  activity  or  y-synuclein  mediated  ERK 
activation.  A2780  or  A2780/gam  cells  pre-treated  with  or  without 
U0126  (10  pM)  were  treated  with  Taxol  (30  pM)  in  the  absence  or 
presence  of  U0126  for  30  min.  Whole  cell  lysate  were  separated  by 
SDS-PAGE  and  blotted  with  phospho-ERK  to  determine  the  level 
of  active  ERK,  or  with  ERK1/2  antibodies  for  the  level  of  total 
ERK1/2.  The  number  beneath  each  band  represents  the  arbitrary 
densitometry  units  of  the  corresponding  band.  The  blots  shown  here 
are  representative  of  three  independent  experiments  with 
comparable  results.  B,  cell  death  induced  by  Taxol  was 
significantly  reduced  in  cells  over-expressing  y-synuclein.  A2780 
and  A2780/gam  cells  treated  with  Taxol  for  48hr  in  the  presence  or 
absence  of  the  MEK1/2  inhibitor,  U0126.  Cell  death  was 
determined  by  trypan  blue  staining  (shown)  and  WST-1  assays  (not 
shown).  The  graph  represents  the  average  ±  S.E.  of  three 
independent  experiments.  (*)  Represents  significant  difference  in 
cell  death  between  A2780  and  A2780/gam  cells  (p  <  0.05). 


induced  cell  death  can  be  suppressed  by  y-synuclein  over-expression  (Fig.  9B).  When  ERK  activation 
was  inhibited  using  the  MEK1/2  inhibitor  U0126,  the  cell  death  was  reduced  by  ~25%  in  A2780  cells  but 
was  nearly  doubled  in  A2780/gam  cells  (Fig.  9B).  These  data  suggest  that  enhanced  cell  survival  in  y- 
synuclein  over-expressing  cells  is  partially  mediated  by  activation  of  ERK. 
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To  determine  whether  the  protective  role  of  y-synuclein  on  cell  survival  is  also  mediated  through 
down-regulating  JNK  associated  apoptotic  pathway(s),  caspase-3  activity  was  monitored  at  different  time 
points  after  Taxol  treatment.  Consistent  with  the  data  in  other  ovarian  and  breast  cancer  cell  lines  (Lee  et 
al.,  1998;  Wang  et  al.,  1999),  JNK  was  activated  in  A2780  cells  when  treated  with  30  (J.M  Taxol.  The 
caspase-3  substrate  PAJRP  was  found  cleaved  in  cells  treated  with  Taxol  (data  not  shown).  In  A2780/gam 
cells,  the  activity  of  JNK  was  significantly  inhibited  following  treatment  with  Taxol  (p  <  0.05)  (Fig. 
10A).  In  the  parental  A2780  cells,  caspase-3  was  highly  activated  following  drug  treatment.  By  contrast, 
the  activation  of  caspase-3  by  Taxol  treatment  was  significantly  reduced  in  y-synuclein  over-expressing 
ovarian  cancer  cells  (p  <  0.05)  (Fig.  10B).  These  data  indicate  that  Taxol  activated  JNK  mediated  caspase 
apoptotic  pathway  was  significantly  attenuated 
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in  cells  over-expressing  y-synuclein.  Taken  together, 
our  results  indicate  that  the  cell  death  in  ovarian  cancer 
cells  induced  by  Taxol  may  be  protected  by  y-synuclein 
and  that  this  may  be  mediated  by  regulating  the  JNK 
and  ERK  signaling  pathways. 


Fig.  10.  Taxol  activated  JNK  and  caspase-3  apoptotic  pathway  is  blocked  by  y-synuclein.  A,  down- 
regulation  of  JNK  activation  by  Taxol  in  cells  over-expressing  y-synuclein.  Cell  lysates  from  A2780  and 
A2780/gam  cells  treated  with  or  without  Taxol  (30  pM)  for  60  min  were  assayed  for  JNK  activity  (see  the  legend 
for  Fig.  8  for  experimental  details).  The  number  beneath  each  band  represents  the  arbitrary  densitometry  units  of 
the  corresponding  band.  The  blots  shown  here  are  representative  of  three  independent  experiments  with 
comparable  results.  JNK  activities  were  measured  by  levels  of  phosphorylated  c-JUN  and  normalized  to  levels  of 
total  JNK  proteins.  The  graph  above  the  blots  is  the  average  ±  S.E.  of  three  independent  experiments.  B,  down- 
regulation  of  caspase-3  activity  activated  by  Taxol  in  A2780/gam  cells.  A2780  and  A2780/gam  cells  treated 
with  Taxol  (30  pM)  for  different  time  lengths  were  lysed,  and  approximately  20  pg  protein  were  incubated  with 
the  caspase-3  substrate  Ac-DEVD-pNA  for  4hr  at  37*C.  Cleavage  of  the  substrate  to  release  pNA  was  monitored 
at  405  nm  using  a  microplate  reader.  The  graph  represents  the  average  ±  S.E.  of  three  independent  experiments. 
In  panels  A  and  B,  (*)  represents  significant  difference  compared  to  that  in  the  parental  cells  (p  <  0.05). 
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y-Synuclein  over-expression  leads  to  protection  from  vinblastine  but  not  etoposide  induced  cell  death. 
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Fig.  11.  Vinblastine  induced  cell  death  and 
activation  of  the  MAPK  pathways  in  y-synuclein 
over-expressing  cells.  A,  the  cell  death  induced  by 
vinblastine  was  significantly  reduced  in  cells  over¬ 
expressing  y-synuclein.  A2780  and  A2780/gam  cells 
treated  with  vinblastine  (0.1,  1,  or  10  pM)  for  30  hr  in 
the  presence  or  absence  of  the  MEK1/2  inhibitor, 
U0126.  Cell  death  was  determined  by  trypan  blue 
staining.  The  graph  represents  the  average  +  S.E.  of 
three  independent  experiments.  (*)  Represents 
significant  difference  in  cell  death  between  A2780  and 
A2780/gam  cells  (p  <  0.05).  B,  inhibition  of  JNK 
activation  by  y-synuclein  in  response  to  vinblastine 
treatment.  A2780  and  A2780/gam  cells  were  un¬ 
treated  or  treated  with  vinblastine  (lpM,  and  lOpM)  for 
30  min  and  60  min  before  lysis  for  JNK  activity  assay. 
JNK  activities  were  analyzed  as  described  in  the  legend 
for  Fig.  5.  The  number  beneath  each  band  represents 
the  arbitrary  densitometry  units  of  the  corresponding 
band.  The  blots  shown  here  are  representative  of  three 
independent  experiments  with  comparable  results.  C, 
the  effect  of  vinblastine  on  ERK  phosphorylation. 
A2780  or  A2780/gam  cells  pre-treated  with  or  without 
U0126  were  treated  with  vinblastine  (1  pM  and  10  pM) 
in  the  absence  or  presence  of  U0126  (10  pM)  for  30 
min.  Whole  cell  lysates  were  separated  by  SDS-PAGE 
and  blotted  with  phospho-ERK  to  determine  the  level 
of  active  ERK,  or  with  ERK  1/2  antibodies  for  the  level 
of  total  ERK  1/2.  The  number  beneath  each  band 
represents  the  arbitrary  densitometry  units  of  the 
corresponding  band.  The  blots  shown  are 
representative  of  three  independent  experiments  with 
comparable  results. 


To  demonstrate  whether  the  effects  of  y-synuclein  on  cell  survival  were  specific  to  Taxol  or  were  a 
general  mechanism  of  drug  resistance,  we  evaluated  two  additional  chemotherapeutic  agents,  i.e., 
vinblastine  and  etoposide.  Both  Taxol  and  vinblastine  are  microtubule-interfering  agents;  Taxol  binds  to 
microtubule  polymers  while  vinblastine  binds  to  monomers  and  dimers.  When  treated  with  vinblastine 
(either  0.1, 1.0,  or  10  pM  for  30  hr),  cell  death  in  A2780/gam  cells  was  significantly  lower  (p  <  0.05  for 
all  the  three  concentrations  tested)  as  compared  to  the  parental  cells  (Fig.  11  A).  Consistent  with  other 
studies  using  a  variety  of  tumor  cell  lines  (Fan  et  al.,  2000;  Osborn  and  Chambers,  1996;  Stone  and 
Chambers,  2000;  Wang  et  al.,  1999),  vinblastine  strongly  activate  JNK  in  A2780  cells.  However,  this 
activation  of  JNK  by  vinblastine  was  significantly  inhibited  by  y-synuclein  over-expression  (Fig.  11B). 
Furthermore,  we  observe  that  treatment  with  vinblastine  results  in  a  two-fold  increase  in  phosphorylated 
ERK1/2  in  A2780  cells.  This  enhancement  in  activated  ERK  levels  was  not  observed  in  the  A2780/gam 
cells  (Fig.  11B).  Unlike  our  results  for  Taxol,  inhibition  of  ERK  phosphorylation  by  U0126  did  not 
significantly  affect  the  cell  death  in  the  parental  cells  or  A2780/gam  cells  (Fig.  11A  &  C).  These  data 
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indicate  that  suppression  of  vinblastine-induced  cell  death  by  y-synuclein  may  be  mediated  by  inhibition 
of  JNK  activation.  . 


We  also  evaluated  etoposide,  a  DNA  damage  agent  that  has  also  been  shown  to  induce  JNK 
activation  in  some  cell  lines  (Anderson  et  al.,  1999;  Gibson  et  al.,  1999;  Jarvis  et  al.,  1999;  Osborn  and 
Chambers,  1996).  When  treated  with  1, 10,  or  100  pM  of  etoposide  for  56  hrs,  there  was  no  significant 
difference  in  cell  survival  between  A2780  and  A2780/gam  cells  (Fig.  12A).  As  might  be  predicted,  JNK 
was  not  activated  in  response  to  etoposide  treatment  (Fig.  12B).  Furthermore,  etoposide  treatment  did  not 
result  in  ERK  activation  in  A2780  cells.  However,  surprisingly  the  constitutive  phosphorylated  ERK 
levels  observed  in  A2780/gam  cells  were  significantly  down-regulated  within  30  min  of  treatment  with  10 
or  100  pM  of  etoposide  (Fig.  12C).  In  the  presence  of  the  MEK  inhibitor  U0126,  cell  death  induced  by 
etoposide  was  reduced  in  both  the  parental  and  y-synuclein  over-expression  cells,  but  statistical  analysis 


indicated  these  differences  were  not 
statistically  significant. 
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Fig.  12.  Effects  of  y-synuclein  over-expression  on 
etoposide  induced  cell  death  and  activation  of  the  MAPK 
pathways.  A,  cell  death  induced  by  etoposide  was  not 
significantly  altered  in  cells  that  over-express  y-synuclein. 
A2780  and  A2780/gam  cells  treated  with  etoposide  (1  pM, 
10  pM,  100  pM)  for  56  hr  in  the  presence  or  absence  of  the 
MEK  1/2  inhibitor,  U0126.  Cell  death  was  determined  by 
trypan  blue  staining.  The  graph  represents  the  average  ± 
S.E.  of  three  independent  experiments.  B,  vinblastine 
treatment  does  not  induce  JNK  activation.  A2780  and 
A2780/gam  cells  treated  with  or  without  etoposide  (10  pM, 
and  100  pM)  for  30  min  and/or  60  min  before  lysis  for  JNK 
activity  assay.  JNK  activities  were  analyzed  as  described  in 
Fig.  5.  The  number  beneath  each  band  represents  the 
arbitrary  densitometry  units  of  the  corresponding  band.  The 
blots  shown  here  are  representative  of  three  independent 
experiments  with  comparable  results.  C,  effect  of  etoposide 
on  ERK  phosphorylation.  A2780  or  A2780/gam  cells  pre¬ 
treated  with  or  without  U0126  were  treated  with  etoposide 
(10  pM  and  100  pM)  in  the  absence  or  presence  of  U0126 
(10  pM)  for  30  min.  Whole  cell  lysate  were  separated  by 
SDS-PAGE  and  blotted  with  phospho-ERK  to  determine  the 
level  of  active  ERK,  or  with  ERK  1/2  antibodies  for  the  level 
of  total  ERK  1/2.  The  number  beneath  each  band  represents 
the  arbitrary  densitometry  units  of  the  corresponding  band. 
The  blots  shown  here  are  representative  of  three 
independent  experiments  with  comparable  results. 
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Summary.  Based  on  the  data  we  presented  above,  we  proposed  the  following  model  (Fig.  13)  that  y- 
synuclein  may  enhance  cell  migration  and  metastasis,  promote  cell  survival  and  inhibit  apoptosis  in  tumor 
progression  by  modulating  Rho  and  MAPK  pathways. 
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C.l.  “Gamma  synuclein  promotes  a  metastatic  phenotype  in  breast  and  ovarian  tumor  cells  by  modulating 
the  Rho  signal  transduction  pathway”. 

l.a.  Overexpression  of  y-synuclein  leads  to  constitutive  activation  of  ERK  and  Rho/Rac/Cdc42  and 
down-regulation  of  JNK  activation  in  response  to  stress  signals  or  chemotherapy  drugs. 

l.b.  Overexpression  of  y-synuclein  induces  stress  fiber  formation  and  enhances  cell  migration.  Both  the 
basal  level  and  the  enhanced  cell  migration  require  the  activities  of  both  the  ERK  and  Rho/Rac/Cdc42 
kinases. 


l.c.  Overexpression  of  y-synuclein  may  render  cancer  cells  resistant  to  Taxol  and  vinblastine  by 
modulating  ERK  cell  survival  pathway  and  JNK-mitochondria-Caspase  9/3  apoptotic  pathway. 
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E.l.  "Gamma  synuclein  promotes  a  metastatic  phenotype  in  breast  and  ovarian  tumor  cells  by 
modulating  the  Rho  signal  transduction  pathway”. 

In  these  studies,  we  found  that  y-synuclein  can  interact  with  two  major  MAPKs,  i.e.,  ERK  and 
JNK1.  Over-expression  of  y-synuclein  may  lead  to  enhanced  activity  of  ERK  and  down-regulation  of  JNK 
activation  in  response  to  stress  and  chemotherapy  drugs.  Rho/Rac/Cdc42  pathway  is  also  activated  in  cells 
over-expressing  y-synuclein.  Activation  of  both  the  Rho/Rac/Cdc42  and  ERK  pathways  are  required  for 
the  enhanced  cell  migration  in  y-synuclein  over-expressing  cells.  Over-expression  of  y-synuclein  may 
render  cancer  cells  resistant  to  Taxol  and  vinblastine  by  modulating  ERK  cell  survival  pathway  and  JNK- 
mitochondria-Caspase  9/3  apoptotic  pathway.  Taken  together,  these  data  indicate  that  y-synuclein  may 
promote  tumorigenesis  by  enhancing  cell  motility  through  modulating  Rho/Rac/Cdc42  and  ERK 
pathways,  and  promoting  cell  survival  and  inhibiting  apoptosis  through  modulating  ERK  cell  survival  and 
JNK-mitochondria-caspase9/3  apoptotic  pathways.  Since  y-synuclein  is  aberrantly  expressed  in  the 
majority  of  late-stage  breast  and  ovarian  cancers  but  is  not  expressed  in  normal  breast  and  ovarian 
epithelial  cells,  y-synuclein  may  represent  a  very  promising  therapy  target  for  these  diseases. 
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SUMMARY 

Synucleins  are  a  family  of  highly  conserved  small  proteins  predominantly  expressed  in 
neurons.  Of  the  synucleins,  a-synuclein  is  the  best  characterized  because  of  its  potential 
significance  in  neurodegenerative  diseases.  Recently  we  and  others  have  found  that  y-synuclein 
is  dramatically  up-regulated  in  the  vast  majority  of  late-stage  breast  and  ovarian  cancers  and 
that  y-synuclein  over-expression  can  enhance  tumorigenicity.  In  the  current  study,  we  have 
found  that  y-synuclein  is  associated  with  two  major  mitogen-activated  kinases  (MAPK),  i.e., 
extracellular  signal-regulated  protein  kinases  (ERK1/2)  and  c-iun  ^-terminal  kinase  1  (JNK1) 
and  have  shown  that  over-expression  of  y-synuclein  leads  to  constitutive  activation  of  ERK1/2 
and  down-regulation  of  JNK1  in  response  to  a  host  of  environmental  stress  signals  including 
UV,  arsenate,  and  heat  shock.  We  also  tested  the  effects  of  y-synuclein  on  apoptosis  and 
activation  of  JNK  and  ERK  in  response  to  several  chemotherapy  drugs.  We  have  found  that  y- 
synuclein  expressing  cells  are  significantly  more  resistant  to  the  chemotherapeutic  drugs 
paclitaxel  and  vinblastine  as  compared  to  the  parental  cells.  The  resistance  to  paclitaxel  can  be 
partially  obliterated  when  ERK  activity  is  inhibited  using  a  MEK1/2  inhibitor.  Activation  of 
JNK  and  its  downstream  caspase-3  by  paclitaxel  or  vinblastine  is  significantly  down-regulated 
in  y-synuclein  expressing  cells,  indicating  that  paclitaxel  or  vinblastine  activated  apoptosis 
pathway  is  blocked  by  y-synuclein.  In  contrast  to  paclitaxel  and  vinblastine,  etoposide  does  not 
activate  JNK  and  y-synuclein  over-expression  has  no  apparent  effect  on  this  drug-induced 
apoptosis.  Taken  together,  our  data  indicate  that  oncogenic  activation  of  y-synuclein  contributes 
to  the  development  of  breast  and  ovarian  cancer  by  promoting  tumor  cell  survival  under  adverse 
conditions  and  by  providing  resistance  to  certain  chemotherapeutic  drugs. 
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INTRODUCTION 

Breast  carcinoma  is  the  second  leading  cause  of  cancer  related  deaths  in  women  of  the 
western  world.  In  the  United  States  alone  over  180,000  new  cases  are  diagnosed  annually  and 
more  than  40,000  women  die  from  this  disease  each  year  (1).  Epithelial  ovarian  cancer  continues 
to  be  the  leading  cause  of  death  from  gynecologic  malignancies  in  the  United  States  (1,2).  One 
woman  in  70  in  the  U.S.  will  develop  ovarian  cancer  in  her  lifetime,  and  one  woman  in  100  will 
die  of  this  disease.  Breast  and  ovarian  cancer  etiology  are  multifactorial;  involving 
environmental  factors,  hormones,  genetic  susceptibility,  and  genetic  changes  during  progression. 
Both  cancers  are  a  heterogeneous  group  of  tumors  with  no  unifying  molecular  alteration  yet 
identified.  A  certain  number  of  breast  and  ovarian  cancer  cases  (~5  to  10%)  are  attributed  to 
inherited  mutations  in  highly  penetrant  breast  cancer  susceptibility  genes,  such  as  BRCA1  and 
BRCA2  [reviewed  in  (3)] .  However,  the  majority  of  the  tumors  occur  in  women  with  little  or  no 
family  history  and  the  molecular  basis  of  these  sporadic  cancers  is  still  poorly  defined. 

In  an  effort  to  identify  other  genes  involved  in  the  development  and/or  progression  of 
breast  and  ovarian  cancer,  we  and  others  used  differential  gene  expression  approaches  and  have 
found  that  y-synuclein,  initially  termed  breast  cancer-specific  gene  1  (BCSG1),  is  up-regulated 
in  the  majority  of  late-stage  breast  (4,5)  and  ovarian  cancer  [Bruening,  2000  #16;  Pan  and 
Godwin,  unpublished  data].  In  addition,  we  showed  that  there  was  a  correlation  between  y- 
synuclein  expression  in  breast  ductal  carcinomas  and  the  staging  of  the  cancer  suggesting  that  y- 
synuclein  may  be  a  potential  marker  for  both  late  stage  breast  and  ovarian  cancer.  Additional 
studies  have  revealed  that  y-synuclein  over-expression  leads  to  increased  invasiveness  of  breast 
tumor  cells  (6)  and  stimulated  cell  proliferation  (7). 
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Synucleins  are  a  family  of  small,  highly  soluble  proteins  that  are  predominantly  expressed 
in  neurons.  The  functions  of  the  synucleins  are  not  entirely  understood.  There  are  four  known 
members:  a-synuclein  [also  referred  to  as  synelfin  or  non-AP  component  of  Alzheimer’s 
disease  (AD)  amyloid  precursor  protein  (NACP)],  and  P-synuclein  [also  referred  to  as 
phosphoneuroprotein  14  (PNP-14)]  are  neuronal  proteins  primarily  expressed  in  brain  and  are 
predominantly  found  at  axonal  terminals,  y-Synuclein  [also  known  as  persyn]  is  predominantly 
expressed  in  certain  regions  of  the  peripheral  nervous  system,  such  as  dorsal  root  ganglia  and 
trigeminal  ganglia.  Synoretin,  the  newest  member  of  the  synuclein  family  is  expressed  at  high 
levels  in  the  retina  and  at  lower  levels  in  the  brain  (8,9).  The  synuclein' proteins  contain  several 
repeated  domains  that  display  variations  of  a  KTKEGV  consensus  sequence.  The  P-synuclein 
protein  contains  five  of  these  domains,  whereas  the  a-  and  y-synucleins  have  six.  Interestingly, 
the  third  domain  of  each  protein  is  completely  conserved  and  this  same  type  of  domain  is  present 
in  proteins  of  the  Rho  family  (10).  Another  type  of  organization  of  the  synuclein  proteins  that 
has  been  noted  is  an  11-residue  repeat.  This  motif,  repeated  six  to  seven  times  in  the  amino- 
terminal  portion  of  the  protein,  is  reminiscent  of  the  amphipathic  a-helical  domains  of  the 
apolipoproteins  and  suggests  possible  lipid  binding  properties  (1 1). 

The  y-synuclein  gene  maps  to  10q23,  is  composed  of  five  coding  exons,  and  is  transcribed 
into  an  -1  kb  mRNA  (8).  The  human  y-synuclein  is  127  amino  acids  long,  and  is  87.7%  and 
83.3%  identical  to  the  mouse  and  rat  proteins,  respectively.  In  addition,  comparison  of  the  amino 
acid  sequences  indicates  that  y-synuclein  is  highly  homologous  to  a-synuclein  and  P-synuclein 
except  for  the  last  27  amino  acids  of  y-synuclein.  Overall,  y-synuclein  shares  54%,  56%,  and 
84%  amino  acid  sequence  identity  with  a-synuclein,  P-synuclein,  and  synoretin,  respectively 
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(8,9). 

Among  the  synucleins,  a-synuclein  is  the  best  characterized  because  of  its  significant  role 
implicated  in  neurodegenerative  diseases  (12).  Mutations  in  the  a-synuclein  gene  have  been 
identified  in  rare  kindreds  with  Parkinson’s  disease  (12-14)  and  intracytoplasmic  aggregates 
comprised  of  a-synuclein  fibrils  are  characteristic  of  several  neurodegenerative  diseases  as 
exemplified  by  the  intraneuronal  Lewy  bodies  (LBs),  neuroaxonal  spheroids  and  dystrophic 
neurites  (i.e.  Lewy  neurites)  that  are  prominent  in  PD,  LB  variant  of  Alzheimer’s  disease  (AD), 
and  dementia  with  LBs  (DLB)  (14-19). 

The  normal  physiological  functions  of  synucleins  are  not  well  characterized.  The  N- 
terminal  portion  of  a-synuclein  (residues  1-61)  shares  40%  amino  acid  homology  with 
members  of  the  14-3-3  protein  family  (20).  The  14-3-3  family  of  proteins  helps  regulate  many 
different  signal  transduction  pathways,  and  is  thought  to  act  by  directly  binding  to  various 
protein  kinases  and  bringing  them  into  close  proximity  with  substrate  and  regulatory  proteins. 
14-3-3  proteins  bind  to  phospho-Ser  residues  critical  for  the  functions  of  many  kinases  and 
phosphatases  that  are  involved  in  diverse  cell  functions  (21-24).  Like  the  synucleins,  14-3-3 
proteins  are  ubiquitously  expressed  in  the  brain  and  have  been  shoown  to  associate  in  a 
chaperone-like  manner  with  PKC,  BAD,  ERK,  and  RAF-1  (16,21).  a-Synuclein  binds  14-3-3 
as  well  as  to  PKC,  BAD,  ERK  and  the  microtubule  associated  protein  tau  (25).  In  addition  to 
shared  regions  of  homology  to  14-3-3,  a-synuclein,  as  well  as  )3-  and  y-synuclein  also  appears 
to  act  as  a  protein  chaperone,  at  least  in  vitro,  by  disrupting  protein  aggregation  (26). 
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To  help  further  unravel  the  function  of  y-synuclein  and  establish  its  role  in  the  oncogenesis 
of  breast  and  ovarian  cancer,  we  searched  for  proteins  that  could  interact  with  y-synuclein  and 
identified  the  MAP  kinases  ERK1/2  and  JNK1.  In  this  study  we  provide  evidence  that  y- 
synuclein  contributes  to  tumor  development  by  protecting  cancer  ceils  under  adverse  conditions 
through  modulating  the  ERK  and  JNK  pathways.  In  addition,  we  observed  that  paclitaxel-  or 
vinblastine-induced  cell  death  is  protected  by  y-synuclein  indicating  that  chemotherapeutic 
drugs  that  take  effect  through  activating  the  JNK  apoptosis  pathway  may  not  be  effective  for 
cancer  with  high  y-synuclein  expression. 
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EXPERIMENTAL  PROCEDURES 

Reagents  and  Antibodies  -  Paclitaxel,  vinblastine,  and  etoposide  were  purchased  from 
Sigma  (St.  Louis,  MO).  The  MEK1/2  inhibitor  U0126  was  purchased  from  Promega  (Madison, 
WI).  Anti-ERKl,  anti-ERK2,  anti-JNKl  antibodies  and  normal  IgG  were  obtained  from  Santa 
Cruz  Biotechnology  (Santa  Cruz,  CA).  Anti-phospho-ERKl/2  and  anti-PARP  antibodies  were 
obtained  from  Cell  Signaling  (Beverly,  MA).  The  mouse  antibody  Syn303  was  raised  to 
recombinant  human  a-synuclein,  but  recognizes  a-,  |3-,  and  y-synuclein.  y-2  is  a  rabbit 
polyclonal  antibody  raised  to  recombinant  human  y-synuclein  that  specifically  recognizes  human 
y-synuclein  (27).  Mouse  monoclonal  antibodies  Syn204  and  Syn207  were  raised  against  human 
a-  and  P-synucleins,  respectively. 

Cell  culture  and  transfection  -  Ovarian  cancer  cell  lines  A2780  and  OVCAR5  were 
maintained  in  10%  FBS  DMEM  and  10%  FBS  RPMI  1640,  respectively.  HEK  293,  human 
embryonic  kidney  cells,  were  maintained  in  10%  FBS  DMEM  supplemented  with  Na-pyruvate 
and  non-essential  amino  acids.  To  create  the  CMV  plasmid  for  establishing  stable  cell  lines 
over-expressing  human  a-,  (3-  or  y-synuclein,  human  cDNAs  were  amplified  by  PCR  and 
subcloned  into  pcDNA3  (Invitrogen).  GenePorter  Transfection  Reagent  (GTS  Inc,  San  Diego, 
CA)  was  used  for  transfection  and  stable  cell  lines  were  selected  by  G418  (Gibco  BRL). 
Expression  of  human  a-,  (3-  or  y-synuclein  was  confirmed  by  immuno-blotting  with  Syn204, 
Syn207,  or  y-2  antibody,  respectively. 

Cell  treatment  with  UV  and  other  stress  signals  or  chemotherapeutic  drugs  -  For  UV 
treatment,  cells  at  70-80%  confluence  were  washed  once  with  PBS  before  UV  irradiation  (254 
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nm,  20  J/m^).  Complete  medium  was  added  to  the  plates  after  treatment.  The  intensity  of  the 
UV  light  source  was  measured  with  a  BLAK-RAY  meter  (UVP,  Inc.,  San  Gabriel,  CA)  prior  to 
each  experiment.  Heat-shock  was  carried  at  42°C  for  15  min.  50  pM  Na-arsenite  was  used  to 
treat  the  cells  for  6  hr.  Paclitaxel,  vinblastine,  etoposide,  and  U0126  were  dissolved  in  DMSO 
and  cells  were  treated  with  various  concentrations  of  the  drugs  as  indicated  in  each  experiment. 

Co-Immunoprecipitation  -  Cells  at  70-80%  confluence  were  washed  twice  with  ice-cold 
D-PBS  before  scraping  on  ice  with  Lysis  Buffer  [20  mM  Tris-HCl,  pH  7.5;  150  mM  NaCl;  2.5 
mM  Na-pyrophosphate;  1  mM  Na-$-glycerophosphate;  5  mM  NaF,  1  mM  Na3VC>4,  1  mM 
PMSF,  1%  Triton  X-100,  and  1  tablet  of  protease  inhibitor  cocktail  (Roche,  Indianapolis,  IN) 
per  40  ml  lysis  buffer].  Cellular  debris  was  removed  by  centrifugation  (14,000  x  g  for  15  min  at 
4°C)  and  precleared  with  protein  G-agarose  (Gibco  BRL,  Rockville,  MD).  Protein 
concentrations  were  determined  with  Bio-Rad  DC  protein  assay  reagents.  Syn303  (3  pi  ascites) 
or  control  IgG  (3  pg)  were  pre-incubated  in  500  pi  of  PBS  with  50  pi  of  protein-G  agarose 
overnight  at  4°C,  and  washed  twice  with  PBS  before  incubation  with  300  pg  of  total  cellular 
lysate  for  4  hr  at  4°C.  The  beads  were  washed  4  x  with  the  lysis  buffer,  resuspended  in  50  pi  2  x 
SDS  sample  buffer  before  boiling  for  5  min.  10  pi  immunoprecipitates  were  separated  by  SDS- 
PAGE  electrophoresis  on  4-20%  linear  gradient  Tris-HCl  ready  gels  (Bio-Rad). 

Immuno-blotting  and  data  quantification  -  Proteins  separated  on  SDS-PAGE  gels  were 
transferred  onto  Immobilon-P  PVDF  membrane  (Millipore,  Bedford,  MA).  The  primary 
antibodies  were  diluted  1:1000,  and  the  HRP-conjugated  second  antibodies  were  diluted 
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1:10,000  (Amersham,  Piscataway,  NJ).  NEN  Renaissance  Enhanced  Luminol  Reagents  (Boston, 
MA)  were  used  as  substrates  for  detection.  For  re-use  of  the  same  membrane  with  another 
primary  antibody,  Restore  Western  Blot  Stripping  buffer  (Pierce,  Rocklord,  IL)  was  used  to  strip 
the  membrane,  The  results  of  immuno-blotting  were  quantitated  using  the  NIH  Image  for  the 
integrated  density  of  each  band. 

JNK-kinase  activity  assay  -  The  kinase  activity  of  JNK  was  measured  using  the 
SAPK/JNK  assay  kit  (Cell  Signaling  Technologies).  Briefly,  250  pi  cell  lysate  (1  pg/pl  protein) 
was  incubated  with  2  pg  c-JUN  fusion  protein  beads  (in  20  pi)  overnight  at  4°C.  After  washing, 
the  proteins  on  the  beads  were  incubated  in  the  kinase  reaction  buffer  supplemented  with  100 
pM  ATP  for  30  min  at  30°C.  To  measure  the  JNK  activity,  the  phosphorylated  c-JUN  was  detected 
by  SDS-PAGE  and  immunoblotting  with  the  specific  antibody  (Cell  Signaling  Technologies). 

Cell  viability  assay  -  Cell  viability  was  determined  by  Trypan  blue  exclusion  assay  and/or 
WST-1  assay.  For  Trypan  blue  assay,  cells  were  stained  with  0.2%  Trypan  blue  for  2-5  min. 
The  number  of  viable  cells  (non-stained)  and  dead  cells  (stained)  were  counted  under 
microscope  using  a  cell  hemocytometer.  For  WST-1  assay,  cells  under  different  culture 
conditions  were  incubated  with  WST-1  (Roche)  for  4  hr.  Cleavage  of  WST-1  to  formazan  was 
monitored  at  450  nm  using  a  microplate  reader. 

Caspase  activity  assay  -  Colorimetric  CaspACE  assay  (Promega)  was  used  to  detect  the 
caspase-3  activity.  Briefly,  pNA  released  from  the  substrate  Ac-DEVD-pNA  by  caspase-3  in 
the  cell  lysate  was  monitored  at  405  nm  using  a  microplate  reader. 
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Statistical  analysis  -  Where  indicated,  a  two-tailed  student  t-test  was  used  to  test  for 
significance. 
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RESULTS 

Expression  ofsynuclein  in  tumor  cell  lines  -  We  have  previously  reported  that  y-synuclein 
is  highly  expressed  in  the  vast  majority  of  late-stage  breast  and  ovarian  tumors  (4),  suggesting  a 
potentially  important  role  for  y-synuclein  in  the  development  of  these  diseases.  To  help  unravel 
the  function  of  y-synuclein,  we  established  several  in  vitro  models.  The  ovarian  tumor  cell  lines 
A2780  and  OVCAR5,  which  express  low  levels  of  y-synuclein  as  well  as  kidney  HEK  293  cells 
which  do  not  express  detectable  levels  of  y-synuclein  were  transfected  with  CMV-y-synuclein 
or  with  vector  alone  and  were  selected  with  G418.  Resistant  colonies  were  screened  by  Western 
blotting  for  stable  expression  of  y-synuclein  protein  and  positive  colonies  were  pooled  into 
A2780gam,  OVCAR5gam,  and  293gam  cell  lines  (Fig.  1).  Cell  lines  stably  expressing  a- 
synuclein  and  (3-synuclein  were  also  derived  from  A2780  cells  as  described  for  the  y-synuclein 
expressing  lines  (Fig.  1).  Like  A2780gam,  OVCAR5gam,  293gam  cells,  there  were  no  obvious 
alterations  in  cell  doubling  time  of  the  A2780alpha  or  A2780beta  cell  lines  (data  not  shown). 

,  y-Synuclein  interacts  with  ERK  and  JNK  MAP  kinases  in  cancer  cells  -  y-Synuclein  has 
recently  been  reported  to  bind  directly  to  the  ERK2  kinase  (28).  Therefore,  we  evaluated 
whether  y-synuclein  could  also  interact  with  the  ERK  kinases  as  well  as  other  MAPKs.  By  co- 
immunoprecipitation  approaches,  we  were  able  to  demonstrate  a  novel  association  of  y- 
synucleins  with  ERK1/2  and  JNK1  kinase,  but  not  with  die  p38  kinase  (Fig.  2).  We  also 
confirmed  that  a-synuclein  is  associated  with  ERK1/2  as  well  with  JNK1  (Fig.  2),  which  is 
consistent  with  the  recently  studies  using  neuro2a,  a  neuronal  cell  line  (29).  These  data  indicate 
that  y-  and  a-synuclein  can  interact  with  ERK1/2  and  JNK1  in  cancer  cells  that  over-express 
these  proteins. 
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Elevated  activity  ofERK  in  cells  over-expressing  y-synuclein  -  We  next  evaluated 
whether  these  protein  interactions  would  affect  the  activity  of  ERK1/2  and/or  JNK1  (see  below). 
In  A2780  and  OVCAR5  cancer  cells  over-expressing  y-synuclein,  the  activated  ERK1/2  was 
increased  2-3  fold  as  evidenced  by  inununoblotting  with  an  anti-phospho-ERK  specific 
antibody  (Fig.  3).  In  contrast,  a-  and  fl-synucleins  appeared  to  have  little  or  no  effect  on  the 
activity  of  ERK1/2  (Fig.  3A)  although  a-synuclein  was  also  found  to  be  associated  with  ERK 
(as  described  above  and  shown  in  Fig.  2)  in  A2780  cells.  In  HEK  293  cells,  the  basal  level  of 
ERK  activation  is  undetectable  and  y-synuclein  over-expression  does  not  increase  its  activation 
level  (Fig.  3B).  Structural  analysis  indicate  that  y-synuclein  does  not  contain  any  kinase 
domain,  suggesting  that  the  activation  of  ERK  is  mediated  by  other  kinase.  Since  MEK1/2  is 
required  for  the  activation  of  ERK1/2  in  response  to  many  mitogens,  we  determined  whether 
MEK1/2  is  still  required  for  y-synuclein  mediated  activation  of  ERK1/2.  When  cells  over¬ 
expressing  y-synuclein  were  treated  with  the  MEK1/2  inhibitor  U0126,  the  activation  of  ERK1/2 
was  suppressed  (Fig.  4A).  We  further  studied  die  relation  of  y-synuclein-ERK  interaction  and 
the  activation  status  of  ERK1/2.  In  cells  treated  with  U0126  or  serum-starved,  the  association  of 
y-synuclein  and  ERK1/2  was  still  present  (Fig.  4B).  These  data  indicate  that  y-synuclein  may  be 
constitutively  associated  with  ERK1/2,  which  could  facilitate  the  activation  of  ERK  by  MEK1/2 
and  lead  to  the  constitutive  activation  of  ERK1/2  in  cells  over-expressing  y-synuclein. 

Down-regulation  ofJNK  activation  by  y-synuclein  in  response  to  different  stress  signals  - 
JNK  is  activated  by  stress  signals  including  UV  which  leads  to  mitochondria  mediated  apoptosis 
(30).  The  basal  level  of  JNK  activity  in  A2780  and  OVCAR5  ovarian  cancer  cells  is  very  low  in 
untreated  cells  whether  y-synuclein  was  over-expressed  or  not  (Fig.  5).  JNK  was  highly 
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activated  in  the  parental  cells  when  treated  with  UV  (Fig.  5).  In  cells  over-expressing  y- 
synuclein,  the  activation  of  JNK  was  almost  completely  blocked  in  A2780/gam  cells  (p  <  0.05) 
and  was  down-regulated  by  approximately  50%  in  OVCAR5/gam  cells  when  treated  with  UV 
(Fig.  5)  or  heat-shock  (data  not  shown).  The  blockage  of  JNK  activation  by  UV  appears  to  be  y- 
synuclein  specific  since  over-expression  of  a-  and  P-synucleins  appeared  to  have  little  or  no 
effect  on  the  activation  of  JNK  by  UV  (Fig.  5,  and  data  not  shown).  The  inhibition  of  JNK 
activation  in  OVCAR5/gam  cells  is  much  less  than  that  in  A2780/gam  cells.  The  cause  of  this 
difference  could  either  be  cell-type  specific,  or  it  could  be  the  high  endogenous  y-synuclein 
expression  in  OVCAR5  cells.  Similarly,  the  activation  of  JNK  by  sodium  arsenate  was  blocked 
to  different  extents  by  y-synuclein  in  293/gam,  OVCAR5/gam,  and  A2780/gam  cells  (Fig.  6). 
Collectively,  these  data  indicate  that  stress-induced  activation  of  JNK  can  be  blocked  by  y- 
synuclein  over-expression  in  a  variety  of  cell  lines. 

y -Synuclein  may  protect  paclitcvcel  (Taxol)  induced  cell  death  by  regulating  JNK  and  ERK 
activities  -  Based  on  the  data  presented  above,  we  hypothesized  that  y-synuclein  may  contribute 
to  cancer  cell  survival  by  up-regulating  the  ERK  cell  survival  pathway  and  by  suppressing  the 
JNK  apoptosis  pathway  under  adverse  conditions.  However,  when  we  treated  y-synuclein  over¬ 
expressing  cells  with  UV,  significant  differences  in  cell  survival  between  A2780  and  A2780/gam 
cells  were  not  observed  (data  not  shown).  The  reason  for  this  lack  of  difference  is  not  readily 
apparent.  However,  cell  survival  and  cell  death  are  regulated  by  the  counter-balance  between 
the  survival  factors  and  the  apoptotic  signaling  pathways.  Since  UV  treatment  also  activates  the 
cell  survival  pathways  ERK  [(31),  and  data  not  shown]  and  PI3K-AKT  (32,33),  the  initiation  of 
the  mitochondria  associated  caspase  pathway  may  be  blocked  by  the  activation  of  ERK  or  AKT 
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in  A2780  cells.  In  support  of  these  findings  we  did  not  observe  the  cleavage  of  the  caspase-3 
substrate  PARP  in  A2780  cells  when  treated  with  UV  (data  not  shown). 

We  next  evaluated  the  survival  of  y-synuclein  over-expressing  cells  in  response  to  Taxol, 
a  commonly  used  chemotherapeutic  drug.  In  addition  to  its  role  in  affecting  microtubule 
assembly,  Taxol  is  known  to  lead  to  apoptosis  via  the  mitochondria  by  activating  the  JNK 
signaling  pathway  and  Taxol-induced  apoptosis  can  be  enhanced  by  MEK  inhibition  (34-36). 
In  A2780  cells,  Taxol  did  not  affect  the  basal  level  activity  of  ERK  or  the  activation  of  ERK  by 
Y-synuclein  (Fig.  7A).  To  test  the  effect  of  y-synuclein  on  cell  survival,  cells  were  treated  with 
Taxol  for  varying  lengths  of  time.  At  48hr  after  treatment,  45-60%  of  A2780  cells  had  died, 
while  only  about  7-15%  of  A2780/gam  cells  were  dead  indicating  that  Taxol  induced  cell  death 
can  be  rescued  by  y-synuclein  over-expression  (Fig.  7B).  When  ERK  activation  was  inhibited 
using  the  MEK1/2  inhibitor  U0126,  the  cell  death  was  reduced  by  -25%  in  A2780  cells  but  was 
nearly  doubled  in  A2780/gam  cells  (Fig.  7B).  These  data  suggest  that  enhanced  cell  survival  in 
y-synuclein  over-expressing  cells  is  partially  mediated  by  activation  of  ERK. 

To  determine  whether  the  protective  role  of  y-synuclein  on  cell  survival  is  also  mediated 
through  down-regulating  JNK  associated  apoptotic  pathway(s),  caspase-3  activity  was 
monitored  at  different  time  points  after  Taxol  treatment.  Consistent  with  the  data  in  other 
ovarian  and  breast  cancer  cell  lines  (34,36),  JNK  was  activated  in  A2780  cells  when  treated  with 
30  pM  Taxol.  The  caspase-3  substrate  PARP  was  found  cleaved  in  cells  treated  with  Taxol 
(data  not  shown).  In  A2780/gam  cells,  the  activity  of  JNK  was  significantly  inhibited  following 
treatment  with  Taxol  (p  <  0.05)  (Fig.  8A).  In  the  parental  A2780  cells,  ciaspase-3  was  highly 


-14- 


y-Synuclein  promotes  cancer  cell  survival  by  affecting  MAPK  pathways 

activated  following  drug  treatment.  By  contrast,  the  activation  of  caspase-3  by  Taxol  treatment 
was  significantly  reduced  in  y-synuclein  over-expressing  ovarian  cancer  cells  (p  <  0.05)  (Fig. 
8B).  These  data  indicate  that  Taxol  activated  JNK  mediated  caspase  apoptotic  pathway  was 
significantly  attenuated  in  cells  over-expressing  y-synuclein.  Taken  together,  our  results 
indicate  that  the  cell  death  in  ovarian  cancer  cells  induced  by  Taxol  may  be  protected  by  y- 
synuclein  and  that  this  may  be  mediated  by  regulating  the  JNK  and  ERK  signaling  pathways. 

y-Synuclein  over-expression  leads  to  protection  from  vinblastine  but  not  etoposide 
induced  cell  death  -  To  demonstrate  whether  the  effects  of  y-synuclein  on  cell  survival  were 
specific  to  Taxol  or  were  a  general  mechanism  of  drug  resistance,  we  evaluated  two  additional 
chemotherapeutic  agents,  i.e.,  vinblastine  and  etoposide.  Both  Taxol  and  vinblastine  are 
microtubule-interfering  agents;  Taxol  binds  to  microtubule  polymers  while  vinblastine  binds  to 
monomers  and  dimers.  When  treated  with  vinblastine  (either  0.1,  1.0,  or  10  //M  for  30  hr),  cell 
death  in  A2780/gam  cells  was  significantly  lower  (p  <  0.05  for  all  the  three  concentrations 
tested)  as  compared  to  the  parental  cells  (Fig.  9A).  Consistent  with  other  studies  using  a  variety 
of  tumor  cell  lines  (36-39),  vinblastine  strongly  activate  JNK  in  A2780  cells.  However,  this 
activation  of  JNK  by  vinblastine  was  significantly  inhibited  by  y-synuclein  over-expression 
(Fig.  9B).  Furthermore,  we  observe  that  treatment  with  vinblastine  results  in  a  two-fold  increase 
in  phosphorylated  ERK1/2  in  A2780  cells.  This  enhancement  in  activated  ERK  levels  was  not 
observed  in  the  A2780/gam  cells  (Fig.  9B).  Unlike  our  results  for  Taxol,  inhibition  of  ERK 
phosphorylation  by  U0126  did  not  significantly  affect  the  cell  death  in  the  parental  cells  or 
A2780/gam  cells  (Fig.  9A  &  C).  These  data  indicate  that  suppression  of  vinblastine-induced 
cell  death  by  y-synuclein  may  be  mediated  by  inhibition  of  JNK  activation. 
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We  also  evaluated  etoposide,  a  DNA  damage  agent  that  has  also  been  shown  to  induce  INK 
activation  in  some  cell  lines  (37,40-42).  When  treated  with  1, 10,  or  100  fM  of  etoposide  for  56 
hrs,  there  was  no  significant  difference  in  cell  survival  between  A2780  and  A2780/gam  cells 
(Fig.  10A).  As  might  be  predicted,  JNK  was  not  activated  in  response  to  etoposide  treatment  (Fig. 
10B).  Furthermore,  etoposide  treatment  did  not  result  in  ERK  activation  in  A2780  cells. 
However,  surprisingly  the  constitutive  phosphorylated  ERK  levels  observed  in  A2780/gam  cells 
were  significantly  down-regulated  within  30  min  of  treatment  with  10  or  100  /iM  of  etoposide 
(Fig.  10C).  In  the  presence  of  the  MEK  inhibitor  U0126,  cell  death  induced  by  etoposide  was 
reduced  in  both  the  parental  and  y-synuclein  over-expression  cells,' but  statistical  analysis 
indicated  these  differences  were  not  statistically  significant. 
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DISCUSSION 

Synucleins  are  highly  soluble  proteins  and  their  biological  and  biochemical  functions  are 
not  entirely  understood.  Previous  studies  have  suggested  that  they  may  be  involved  in  neuron 
development  and  function  (43).  The  involvement  of  y-synuclein  in  human  neoplastic  diseases 
came  to  light  when  y-synuclein  was  isolated  from  a  human  breast  tumor  cDNA  library  and  was 
shown  to  be  over-expressed  in  infiltrating  ductal  carcinomas  (4,5)  and  ovarian  cancer  (4). 
Additional  studies  have  suggested  that  y-synuclein  may  be  involved  in  enhancing  cell  motility 
and  metastasis,  in  breast  (6)  and  ovarian  (Bruening  and  Godwin,  unpublished  data)  cancer  cells 
as  analyzed  both  in  vitro  and  in  nude  mouse  models  in  vivo.  We  have  found  that  oncogenic 
activation  of  y-synuclein  is  independent  of  gene  mutations  or  gene  amplification.  We  have 
recently  reported  that  hypomethylation  of  the  y-synuclein  gene  CpG  island  promotes  its  aberrant 
expression  in  breast  and  ovarian  carcinomas  (44,45).  In  the  present  studies,  we  showed  that  y- 
synuclein  over-expression  activates  the  survival  factor  ERKI/2  and  blocks  the  activation  of 
JNK.  Activation  of  JNK  can  initiate  the  mitochondria  involved  caspase  apoptosis  pathway  (3D). 
Therefore,  we  propose  that  y-synuclein,  in  its  oncogenic  form  (over-expressed)  contributes  to 
tumor  development  by  protecting  cancer  cells  under  adverse  conditions  through  modulating  the 
ERK  and  JNK  pathways  (Fig.  11).  In  addition,  we  observed  that  Taxol-  and  vinblastine- 
induced  cell  death  is  protected  by  y-synuclein  indicating  that  anti-cancer  drugs  that  take  effect 
through  activating  the  JNK/caspase  apoptosis  pathway  may  not  be  effective  for  cancers  with  high 
y-synuclein  protein  levels. 

The  effects  of  y-synuclein  on  ERKI/2  and  JNK  signaling  in  ovarian  cancer  cells  appears  to 
be  specific  for  y-synuclein  since  over-expression  of  the  a-  and  (3-synucleins  in  A2780  cells  had 
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little  or  no  effect  on  these  MAPKs  (Figs.  3  &  5).  Even  though  a-  and  (3-synucleins  are 
expressed  in  a  significant  fraction  of  ovarian  tumors  (4),  we  did  not  observe  a  discemable 
phenotype  associated  with  over-expression  in  cultured  cells.  The  reason  for  these  differences 
are  not  readily  apparent.  However,  we  have  recently  observed  that  the  subcellular  localization  of 
y-synuclein  in  tumor  cells  may  be  altered.  Previous  studies  have  shown  that  y-synuclein  is 
diffusely  distributed  in  the  cytoplasm  of  peripheral  neurons,  although  it  is  also  expressed  in  the 
brain  (46).  We  have  found  in  tumor  cells  which  over-express  the  wild-type  y-synuclein  that  the 
protein  tends  to  accumulate  in  the  nuclei  (Pan  and  Godwin,  unpublished  data).  This  may  also 
help  explain  why  only  a  portion  of  ERK1/2  and  JNK  co-immunoprecipates  with  y-synuclein 
(Fig.  2),  since  the  cytoplasmic  levels  are  low  in  A2780  cells.  Furthermore,  the  amino  acid 
sequences  of  a-  and  p-synucleins  are  more  closely  related  to  each  other  than  y-synuclein  (8,9) 
and  the  y-synuclein  protein  is  the  least  conserved  of  the  synuclein  proteins  (8,9).  Therefore,  it  is 
possible  that  the  conserved  sequences  of  a,  (3,  and  y-synuclein  may  be  involved  in  the 
interaction  with  ERK1/2  and  that  the  non-conserved  regions  (predominantly  the  C-terminus) 
may  contribute  to  activation  of  ERK  in  a  cell  type  specific  manner.  Therefore,  the  effects  that 
we  are  observing  may  be  both  cell  type  and  isoform  specific.  Additional  studies  will  be  needed 
to  better  resolve  these  differences. 

Even  though  we  have  made  some  significant  observations  in  this  study,  the  biochemical 
function  of  y-synuclein  remains  largely  unknown.  Many  of  our  approaches  have  come  from  the 
study  of  a-synuclein.  a-Synuclein,  the  most  extensively  studied  synuclein,  is  the  major 
component  of  Lewy  bodies  in  sporadic  PD,  dementia  with  LBs  (DLB),  and  a  subtype  of 
Alzheimer’s  disease  known  as  the  LB  variant  of  Alzheimer’s  disease  (19,47,48).  Mutations  in 
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the  a-synuclein  gene  have  also  been  linked  to  familial  Parkinson’s  disease  (49-51).  Based  on 
homology  to  14-3-3  protein  and  in  vitro  assay,  synucleins  are  hypothesized  to  be  proteins  with 
chaperone  properties  (20,26).  a-Synuclein  has  been  shown  to  be  associated  with  many  of  the 
proteins  that  interact  with  14-3-3  proteins,  including  PKC,  BAD,  and  ERK  (16,21,25).  a- 
Synuclein  has  also  been  shown  to  associate  with  ERK2  (28)  and  may  reduce  the  phosphorylation 
of  MAPKs  in  neurons  (29),  while  synoretin  can  activate  Elkl  pathway  when  transfected  in  HEK 
293  cells  (9).  We  have  demonstrated  that  in  ovarian  cancer  cells  that  both  y-  and  a-synucleins 
can  associate  with  ERK1/2  (Fig.  2).  However,  only  y-synuclein  but  not  a-synuclein  lead  to 
constitutive  activation  of  ERK  indicating  that  the  function  of  a-synuclein  might  be  different  in 
cancer  cells  versus  neuronal  cells.  Studies  are  underway  to  determine  whether  this  constitutive 
activation  is  dependent  on  the  C-terminal  sequences  which  are  unique  to  y-synuclein. 

The  second  prominent  observation  we  made  in  this  study  was  that  ectopic  expression  of  y- 
synuclein  resulted  in  enhanced  resistance  to  the  chemotherapeutic  drags,  Taxol  and  vinblastine 
(Figs.  7-9).  In  contrast,  when  these  same  cells  were  treated  with  etoposide,  a  DNA  damage  agent, 
Y-synuclein  over-expression  did  not  enhanced  cell  survival  (Fig.  10).  There  are  two  main 
apoptosis  pathways  initiated  from  the  cell  surface  membrane,  one  is  initiated  by  Fas  and  other 
death  receptors,  while  the  other  is  initiated  by  stress  signals  (30).  INK  activation  is  an  essential 
component  of  the  latter  apoptotic  signaling  (30,52).  In  addition,  many  chemotherapy  drags  also 
take  effect  partly  through  activating  the  JNK  signaling  (34-36).  Our  data  indicate  that  abnormal 
over-expression  of  y-synuclein  might  be  one  of  such  mechanisms  in  breast  and  ovarian  cancer 
that  permits  tumor  cells  to  overcome  the  JNK  activated  apoptotic  signaling  (30).  Both  Taxol  and 
vinblastine  robustly  induced  JNK  activity  in  A2780  cells,  while  the  etoposide  treatment  did  little 
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(Figs.  8-10).  In  y-synuclein  over-expressing  cells,  this  induction  by  Taxol  and  vinblastine  was 
suppressed  2-  to  3-fold  and  cell  survival  was  dramatically  enhanced.  Taken  together,  these 
results  indicate  that  the  cell  death  in  ovarian  cancer  cells  induced  by  Taxol,  vinblastine,  or  other 
drugs  that  induce  JNK,  may  be  protected  by  y-synuclein.  Furthermore,  it  is  interesting  to  note 
that  only  ~35%  of  breast  tumors  and  ~50%  of  all  epithelial  ovarian  tumors  possess  mutations  in 
the  TP53  gene  (53,54).  As  JNK  activation  in  UV  or  Taxol  treated  cells  is  independent  of  DNA 
damage  (31,55-57),  it  is  interesting  to  speculate  that  over-expression  of  y-synuclein  may 
promote  tumor  cell  survival  in  the  presence  of  p53  wild-type  cells.  Since  y-synuclein  is  not 
expressed  in  normal  breast  and  ovarian  epithelial  cells  but  is  expressed  in  the  majority  of  late- 
stage  breast  and  ovarian  cancers  (4,5),  it  may  be  a  very  promising  target  to  develop  drugs  for  the 
therapies  of  these  diseases. 

Our  results  of  y-synuclein  in  cancer  cells  seem  different  from  those  of  a-synuclein  in 
neuronal  cells.  It  remains  to  be  determined  whether  these  differences  are  caused  by  the  different 
cellular  context  between  cancer  and  neuronal  cells,  by  different  subcellular  localization  of  the 
proteins  in  various  normal  and  tumor  cell  types,  or  by  innate  difference  in  protein  functions 
between  y-  and  a-  synucleins.  a-Synuclein  over-expression  in  HEK  293  cells  or  A2780  cells 
does  not  induce  apoptosis  [Iwata,  2001  #101;  Pan  and  Godwin,  data  not  shown].  In  neurons, 
mutant  a-synuclein  may  accelerate  apoptosis  (58-61)  while  wild-type  a-synuclein  may  induce 
or  block  apoptosis,  depending  on  the  path  of  apoptosis  induction  (29,58-60,62).  In  Parkinson’s 
diseases,  mitochondrial  dysfunction  and  oxidative  stress  are  believed  to  be  the  two  main  causes 
for  neuronal  death  (63).  The  apoptotic  role  of  wild-type  a-synuclein  in  neuronal  apoptosis  may 
be  secondary  by  disrupting  mitochondria  and  causing  oxidative  stress  (64).  There  is  evidence 
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that  the  roles  of  synuclein  in  neurodegenerative  diseases  appear  to  be  quite  different.  In  contrast 
to  the  role  of  a-synuclein  in  neuronal  degeneration,  y-synuclein  does  not  cause  neuronal 
apoptosis  (65).  y-  and  (3-Synucleins  are  not  detected  in  Lewy  bodies  or  Lewy  neurites  (8,14), 
and  they  are  intrinsically  less  fibrillogenic  than  a-synuclein  and  cannot  form  mixed  fibrils  with 
a-synuclein  (66).  Therefore,  it  would  be  of  interest  to  determine  whether  the  normal  protective 
role  of  y-synuclein  is  lost  in  the  neurons  of  PD  and  other  neurodegenerative  diseases.  Overall, 
our  studies  provide  new  insight  into  the  biological  function  of  y-synuclein  and  its  role  in  the 
pathogenesis  of  the  breast  and  ovary  and  offer  a  new  therapeutic  target  for  future  treatment. 
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Y-Synuclein  promotes  cancer  cell  survival  by  affecting  MAPK  pathways 
FIGURE  LEGENDS 

Fig.  1.  Establishment  of  cell  lines  that  ectopically  over-express  y-synuclein.  Whole  cell  lysates 
from  the  parental  cells  or  stably-transfected  cells  were  analyzed  by  SDS-PAGE  and  immuno- 
blotting.  Protein  levels  of  y-synuclein  were  determined  by  Western  blotting  with  y-2,  a 
polyclonal  antibody  specific  for  y-synuclein.  Protein  loading  levels  were  evaluated  by  immuno- 
blotting  with  anti-a-actin  antibody.  The  numbers  beneath  each  band  represent  the  densitometry 
units  (A2780  was  assigned  the  arbitrary  unit  1.0  in  the  a-actin  blot).  y-Synuclein  protein  levels 
were  normalized  to  the  protein  levels  of  a-actin.  The  graph  represents  the  average  ±  S.E.  of  at 
least  three  independent  experiments,  and  representative  blots  are  shown  here.  Molecular  mass 
standards  (in  kilodaltons)  are  indicated  to  the  left  of  each  blot. 

Fig.  2.  Interaction  between  y-  and  a-synucleins  with  ERK1/2  and  JNK.  Cell  lysate  from 
A2780,  A2780/gam  or  A2780/alpha  were  immunoprecipitated  with  Syn303,  Nig  (normal  IgG)  or 
irrelevant  antibodies  (not  shown)  as  described  in  the  Experimental  Procedures  section.  The 
proteins  in  the  immunoprecipitates  were  identified  by  immunoblotting  with  antibodies  against 
ERK1/2,  JNK1,  p38,  and  y-2  (a  polyclonal  antibody  specific  for  y-synuclein).  Molecular  mass 
standards  (in  kilodaltons)  are  indicated  on  the  left.  Non-specific  bands  around  the  IgG  heavy 
(**)  and  light  (*)  chains  are  indicated  by  asterisks. 

Fig.  3.  Activation  of  ERK  in  cells  over-expressing  Y-synuclein.  A,  ERK1/2  activation  is 
enhanced  in  Y-synuclein  over-expressing  A2780  cells.  Whole  cell  lysates  (40  /rg/lane)  from 
A2780  cells  (parent)  or  A2780  cells  transfected  with  y-,  (3-,  or  a-synuclein  were  separated  by 
SDS-PAGE  and  blotted  with  appropriate  antibodies.  The  levels  of  activated  ERK  or  total 
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ERK1/2  were  determined  using  an  anti-phospho-ERK  specific  antibody  or  ERK1/2  antibodies, 
respectively.  The  number  beneath  each  band  represents  the  arbitrary  densitometry  units  of  the 
corresponding  band  (the  integrated  densitometry  reading  number  of  A2780  or  OVCAR5  was 
assigned  to  an  arbitrary  unit  1.0,  and  the  other  readings  were  normalized  thereafter).  The 
synucleins  were  evaluated  by  blotting  with  specific  antibodies,  i.e.,  y-2  for  y-synuclein,  Syn207 
for  P-synuclein,  and  Syn204  for  a-synuclein,  respectively,  B,  activation  of  ERK  by  y- 
synuclein  in  OVCAR5  cells  but  not  HEK  293  cells.  Whole  cell  lysate  (40  pg/lane)  from  parental 
or  y-synuclein  over-expressing  cells  were  separated  and  blotted  as  in  A.  Panels  A  and  B  are 
representative  of  at  least  three  independent  experiments  with  comparable  results.  C,  fold 
increase  of  ERK  activation.  The  data  shown  are  the  average  ±  S.E.  of  three  independent 
experiments.  Phosphorylated  ERK  was  normalized  to  the  protein  level  of  total  ERK.  The  basal 
levels  of  ERK  phosphorylation  in  the  parental  A2780  or  OVCAR5  cells  were  set  as  1.0.  (*) 
Represents  significant  difference  compared  to  the  parental  cells  (p  <  0.05). 

Fig.  4.  Requirement  of  MEK1/2  for  y-synuclein  enhanced  ERK1/2  activation.  A,  A2780and 
A2780/gam  cells  untreated  or  treated  with  the  MEK1/2  inhibitor,  U0126  (10  pM),  were  lysed 
and  30  pg  of  proteins  were  loaded  into  each  lane.  As  in  Fig.  3,  anti-  phospho-ERKl/2  specific 
antibody  was  used  to  detect  activated  ERK1/2;  and  the  antibody  against  ERK1/2  was  used  to 
detect  the  protein  level  of  total  ERK1/2.  B,  the  interaction  between  ERK  and  y-synuclein  is 
independent  of  the  activation  status  of  ERK1/2.  A2780/gam  cells  in  normal  10%  FBS  medium, 
10%  FBS  medium  with  U0126  (10  pM),  or  serum-free  medium  were  lysed  and 
immunoprecipitated  with  Syn303  or  control  IgG.  The  proteins  in  the  immunoprecipitates  were 
detected  with  the  antibodies  against  ERK1/2  or  against  human  y-synuclein  (y-2).  The 
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autoradiogram  shown  is  the  representative  of  three  independent  experiments  with  comparable 
results. 

Fig.  5.  Inhibition  of  JNK  activation  by  y-synuclein  in  response  to  UV  treatment  A2780, 
A2780/gam,  A2780/beta,  OVCAR5,  OVCAR5/gam  cells  were  un-treated  or  treated  with  UV 

(20  J/M^)  and  cells  were  lysed  at  30  min.  JNK  activities  were  analyzed  by  an  immunocomplex 
kinase  assay  using  GST-c-JUN  as  substrate.  The  phosphoiylated  GST-c-JUN  by  activated 
JNK  was  evaluated  by  immunoblotting  with  anti-phospho-c-JUN  specific  antibody  (see 
Experimental  Procedures  for  details).  The  protein  levels,  of  JNK  and  y-synuclein  were 
determined  by  immunoblotting  with  anti- JNK  and  y-2  antibody,  respectively.  The  number 
beneath  each  band  represents  the  arbitrary  densitometry  units  of  the  corresponding  band.  The 
blots  shown  here  are  representative  of  three  independent  experiments  with  comparable  results. 
JNK  activities  were  measured  by  levels  of  phosphorylated  c-JUN  and  normalized  to  levels  of 
total  JNK  proteins.  The  graph  above  the  blots  is  the  average  ±  S.E.  of  three  independent 
experiments.  (*)  Represents  significant  inhibition  of  JNK  activation  compared  to  that  in  the 
parental  cells  (p  <  0.05). 

Fig.  6.  JNK  activation  is  down-regulated  by  over-expression  of  y-synuclein  in  response  to 
sodium  arsenate.  HEK293,  OVCAR5,  and  A2780  cells  and  their  y-synuclein  over-expressing 
counterparts  were  treated  with  Na-arsenite  (50  pM)  for  6  hrs.  Cells  were  lysed  and  the  extracts 
assayed  for  JNK  activity  as  described  in  the  legends  for  Fig.  5.  The  number  beneath  each  band 
represents  the  arbitrary  densitometry  units  of  the  corresponding  band.  The  blots  shown  here  are 
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representative  of  three  independent  experiments  with  comparable  results. 

Fig.  7.  y-Synuclein  protects  cells  front  paclitaxel  (Taxol)  induced  cell  death  and  is  partially 
mediated  by  ERK  activation.  A,  Taxol  does  not  affect  ERK  activity  or  y-synuclein  mediated 
ERK  activation.  A2780  or  A2780/gam  cells  pre-treated  with  or  without  U0126  (10  pM)  were 
treated  with  Taxol  (30  pM)  in  the  absence  or  presence  of  U0126  for  30  min.  Whole  cell  lysate 
were  separated  by  SDS-PAGE  and  blotted  with  phospho-ERK  to  determine  the  level  of  active 
ERK,  or  with  ERK1/2  antibodies  for  the  level  of  total  ERK1/2.  The  number  beneath  each  band 
represents  the  arbitrary  densitometry  units  of  the  corresponding  band.  The  blots  shown  here  are 
representative  of  three  independent  experiments  with  comparable  results.  B,  cell  death  induced 
by  Taxol  was  significantly  reduced  in  cells  over-expressing  y-synuclein.  A2780  and 
A2780/gam  cells  treated  with  Taxol  for  48hr  in  the  presence  or  absence  of  the  MEK1/2  inhibitor, 
U0126.  Cell  death  was  determined  by  trypan  blue  staining  (shown)  and  WST-1  assays  (not 
shown).  The  graph  represents  the  average  ±  S.E.  of  three  independent  experiments.  (*) 
Represents  significant  difference  in  cell  death  between  A2780  and  A2780/gam  cells  (p  <  0.05). 

Fig.  8.  Taxol  activated  JNK  and  caspase-3  apoptotic  pathway  is  blocked  by  y-synuclein.  A, 
down-regulation  of  JNK  activation  by  Taxol  in  cells  over-expressing  y-synuclein.  Cell  lysates 
from  A2780  and  A2780/gam  cells  treated  with  or  without  Taxol  (30  pM)  for  60  min  were 
assayed  for  JNK  activity  (see  the  legend  for  Fig.  5  for  experimental  details).  The  number 
beneath  each  band  represents  the  arbitrary  densitometry  units  of  the  corresponding  band,  The 
blots  shown  here  are  representative  of  three  independent  experiments  with  comparable  results. 
JNK  activities  were  measured  by  levels  of  phosphorylated  c-JUN  and  normalized  to  levels  of 
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total  JNK  proteins.  The  graph  above  the  blots  is  the  average  ±  S.E.  of  three  independent 
experiments.  B,  down-regulation  of  caspase-3  activity  activated  by  Taxol  in  A2780/gam  cells. 
A2780  and  A2780/gam  cells  treated  with  Taxol  (30  pM)  for  different  time  lengths  were  lysed, 
and  approximately  20  pg  protein  were  incubated  with  the  caspase-3  substrate  Ac-DEVD-pNA 
for  4hr  at  37TJC.  Cleavage  of  the  substrate  to  release  pNA  was  monitored  at  405  nm  using  a 
microplate  reader.  The  graph  represents  the  average  ±  S.E.  of  three  independent  experiments.  In 
panels  A  and  B,  (*)  represents  significant  difference  compared  to  that  in  the  parental  cells  (p  < 
0.05). 

Fig.  9.  Vinblastine  induced  cell  death  and  activation  of  the  MAPK  pathways  in  y-synuclein 
over-expressing  cells.  A,  the  cell  death  induced  by  vinblastine  was  significantly  reduced  in  cells 
over-expressing  y-synuclein.  A2780  and  A2780/gam  cells  treated  with  vinblastine  (0.1, 1,  or  10 
pM)  for  30  hr  in  the  presence  or  absence  of  the  MEK1/2  inhibitor,  U0126.  Cell  death  was 
determined  by  trypan  blue  staining.  The  graph  represents  the  average  ±  S.E.  of  three 
independent  experiments.  (*)  Represents  significant  difference  in  cell  death  between  A2780  and 
A2780/gam  cells  (p  <  0.05).  B,  inhibition  of  JNK  activation  by  y-synuclein  in  response  to 
vinblastine  treatment.  A2780  and  A2780/gam  cells  were  un-treated  or  treated  with  vinblastine 
(lpM,  and  lOpM)  for  30  min  and  60  min  before  lysis  for  JNK  activity  assay.  JNK  activities 
were  analyzed  as  described  in  the  legend  for  Fig.  5.  The  number  beneath  each  band  represents 
the  arbitrary  densitometry  units  of  the  corresponding  band.  The  blots  shown  here  are 
representative  of  three  independent  experiments  with  comparable  results.  C,  the  effect  of 

r 

vinblastine  on  ERK  phosphorylation.  A2780  or  A2780/gam  cells  pre-treated  with  or  without 
U0126  were  treated  with  vinblastine  (1  pM  and  10  pM)  in  the  absence  or  presence  of  U0126  (10 
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pM)  for  30  min.  Whole  cell  lysates  were  separated  by  SDS-PAGE  and  blotted  with  phospho- 
ERK  to  determine  the  level  of  active  ERK,  or  with  ERK1/2  antibodies  for  the  level  of  total 
ERK1/2.  The  number  beneath  each  band  represents  the  arbitrary  densitometry  units  of  the 
corresponding  band.  The  blots  shown  are  representative  of  three  independent  experiments  with 
comparable  results. 

Fig.  10.  Effects  of  y-synuclein  over-expression  on  etoposide  induced  cell  death  and  activation 
of  the  MAPK  pathways.  A,  cell  death  induced  by  etoposide  was  not  significantly  altered  in  cells 
that  over-express  y-synuclein.  A2780  and  A2780/gam  cells  treated  with  etoposide  (1  pM,  10 
pM,  100  pM)  for  56  hr  in  the  presence  or  absence  of  the  MEK1/2  inhibitor,  U0126.  Cell  death  was 
determined  by  trypan  blue  staining.  The  graph  represents  the  average  ±  S.E.  of  three 
independent  experiments.  B,  vinblastine  treatment  does  not  induce  JNK  activation.  A2780  and 
A2780/gam  cells  treated  with  or  without  etoposide  (10  pM,  and  100  pM)  for  30  min  and/or  60 
min  before  lysis  for  JNK  activity  assay.  JNK  activities  were  analyzed  as  described  in  Fig.  5. 

The  number  beneath  each  band  represents  the  arbitrary  densitometry  units  of  the  corresponding 
band.  The  blots  shown  here  are  representative  of  three  independent  experiments  with 
comparable  results.  C,  effect  of  etoposide  on  ERK  phosphorylation.  A2780  or  A2780/gam  cells 
pre-treated  with  or  without  U0126  were  treated  with  etoposide  (10  pM  and  100  pM)  in  the 
absence  or  presence  of  U0126  (10  pM)  for  30  min.  Whole  cell  lysate  were  separated  by  SDS- 
PAGE  and  blotted  with  phospho-ERK  to  determine  the  level  of  active  ERK,  or  with  ERK1/2 
antibodies  for  the  level  of  total  ERK1/2.  The  number  beneath  each  band  represents  the  arbitrary 
densitometry  units  of  the  corresponding  band.  The  blots  shown  here  are  representative  of  three 
independent  experiments  with  comparable  results. 
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Fig.  11.  A  proposed  model  illustrating  how  y-synuclein  promotes  cell  survival  by  modulating 
the  ERK  and  INK  pathways. 
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